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(57) Abstract 

The present invention relates to novel electroactive energy storing polyacetyiene-co-polysulfur (PAS) materials of general formula: 
fC - S v wh e rc in x is greater than 1 to about 100, and n is equal to or greater than 2. This invention also relates to novel rechargeable 
ele^hermcTc^lh coining positive electrode materials comprised of said polyacetylene^polysulfur materials with unproved storage 
capacity and cycle life at ambient and sub-ambient temperatures. 
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ELECTROACTIVE HIGH STORAGE CAPACITY POLY ACETYLENE- CO^OUT SULFUR 
MATERIALS AND ELECTROLYTIC CELLS CONTAINING SAME 

BACKGROUND OF THE INVENTION 

This invention relates to novel electroactive energy storing polyacetylene-co- 
polysulfur (PAS) materials of general formula (C2Sx)n wherein x is greater than 1 to 

5 about 100, and n is equal to or greater than 2. This invention also relates to novel 
rechargeable electrochemical ceils containing positive electrode materials comprised of 
said polyacetylene-co-polysulfur materials with improved storage capacity at ambient and 
sub-ambient temperatures. 

Batteries are used in almost all portable consumer electronic products from flash 

10 lights to lap top computers. Over the years, considerable interest has been shown in 
developing lighter weight high energy-density rechargeable batteries for many 
applications including electric vehicles. In this regard, thin film solid state batteries using 
the polyacetylene-co-polysulfur cathode materials of this invention are particularly well 
suited for use in many consumer applications because of their high energy to weight ratio. 

15 Two main types of cathode materials used in the manufacture of thin film lithium 

and sodium batteries are known in the art The first materials include transition metal 
chalcogenides, such as titanium disulfide with alkali metals as the anode. For example, 
among the cathode active chalcogenides, U.S. Pat No. 4,049,879 lists transition metal 
phosphorous chalcogenides. Other U.S. patents, such as U.S. Pat Nos. 4,143,214, 

20 4,152,491 and 4,664,991 describe cells wherein the cathode is a carbon/sulfur based 
material, generally of the CxS formula where x is typically 10 or larger. 

U.S. Pat No. 4,143,294 to Chang, et al. describes cells having cathodes 
containing CxS wherein x is a numerical value from about 4 to about 50. U.S. Pat. No. 
4,152,491 to Chang et al. relates to electric current producing cells where the cathode- 

25 active materials include one or more polymer compounds having a plurality of carbon 
monosulfide units. The carbon monosulfide unit is generally described as (CS) X , wherein 
x is an integer of at least 5, and may be at least 50, and is preferably at least 100. In both 
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cells developed by Chang, et al. the energy storage capacity is limited because there is a 
low density of sulfur-sulfur bonds. 

U.S. Pat. No. 4,664,991 to Perichaud, et al. describes a substance containing a 
one-dimensional electric conducting polymer and at least one polysulfurated chain 

5 forming a charge-transfer complex with the polymer. Perichaud, et al., use a material 
which has two components. One is the conducting polymer, which is selected from a 
group consisting of polyacetylenes, polyparaphenylenes, polythiophenes, polypyrroles, 
polyanilines and their substituted derivatives. The other is a polysulfurated chain which 
is in a charge transfer relation to the conducting polymer. The polysulfurated chain is 

1 0 formed by high temperature heating of sulfur with the conjugated polymer. 

In a related approach, a PCT application (PCT/FR84/00202) of Armand, et al. 
describes derivatives of polyacetylene-co-polysulfurs comprising units of R x (CS m ) n 
wherein R is hydrogen, alkali metal, or transition metal, x has values ranging from 0 to 
values equal to the valence of the metal ion used, values for m range from greater than 0 

15 to less than or equal to 1, and n is unspecified. These derivatives are made from the 
reduction of polytetrafluoroethylene or polytrifluorochloroethylene with alkali metals in 
the presence of sulfur, or by the sulfuration of polyacetylene with vapors of sulfur 
monochloride at 220 °C. Although these materials are electrochemically active, they 
suffer from low storage capacity owing to low S/C ratios and a limited number of S-S 

20 bonds in the materials. These materials can have a considerable amount of residual 
hydrogen, fluorine, and chlorine atoms in their backbones depending on the method of 
synthesis. 

It is reported in a series of papers by B.A. Dogadkin and A. A. Dontsov 
(Vysokomol. Soedin, 3(11), 1746 (1961); Vysokomol. Soedin, 7(11), 1841 (1965); and 
25 Dokl. Akad. Nauk SSSR, 138(6), 1349 (1961)) that the interaction of polyethylene with 
sulfur in sealed reaction vessels at 200-240 °C is accompanied by the incorporation of 
sulfur into C-H bonds with subsequent crosslinking between the polyethylene chains. 
The maximum amount of sulfur incorporated does not depend on temperature and is only 
about 3.7% by weight. The resulting crosslinked polymer is comprised of a substantially 

2 
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saturated polymer (polyethylene) backbone. There is no mention of any electrochemical 
activity for these materials. 

U.S. Pat. Nos. 4,833,048 and 4,917,974 to De Jonghe, et al. describe a class of 

* cathode materials made of organo-sulfiir compounds of the formula (R(S) y ) n where y = 1 
5 to 6; n = 2 to 20, and R is one or more different aliphatic or aromatic organic moieties 
having one to twenty carbon atoms. One or more oxygen, sulfur, nitrogen or fluorine 
atoms associated with the chain can also be included when R is an aliphatic chain. The 
aliphatic chain may be linear or branched, saturated or unsaturated. The aliphatic chain 
or the aromatic rings may have substituent groups. The preferred form of the cathode 

10 material is a simple dimer or (RS)2. When the organic moiety R is a straight or a 
branched aliphatic chain, such moieties as alkyl, alkenyl, alkynyl, alkoxyalkyl, 
alkythioalkyl, or aminoalkyl groups and their fluorine derivatives may be included. 
When the organic moiety comprises an aromatic group, the group may comprise an aryl, 
arylalkyl or alkylaryl group, including fluorine substituted derivatives, and the ring may 

1 5 also contain one or more nitrogen, sulfur, or oxygen heteroatoms as well. 

In the cell developed by De Jonghe, et al. the main cathode reaction during 
discharge of the battery is the breaking and reforming of disulfide bonds. The breaking 
of a disulfide bond is associated with the formation of an RS~M* ionic complex. The 
organo-sulfiir materials investigated by De Jonghe, et al. undergo polymerization 

20 (dimerization) and de-polymerization (disulfide cleavage) upon the formation and 
breaking of the disulfide bonds. The de-polymerization which occurs during the 
discharging of the cell results in highly soluble lower molecular weight monomeric 
species which can readily transport into the electrolyte layer, thereby severely reducing 
the utility of the organo-sulfur material as cathode-active material. The result is an 

25 unsatisfactory cycle life having a maximum of about 200 deep discharge-charge cycles, 
more typically less than 100 cycles as described in J. Electrochem. Soc, Vol. 138, pp. 
1891-1895(1991). 



3 
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A significant additional drawback with the organo-sulfur materials developed by 
De Jonghe, et al. is the slow kinetics of oxidation and reduction at ambient temperatures, 
severely reducing the power output of cells incorporating cathodes made with these 
organo-sulfur materials. The slow kinetics result from the oxidation and reduction being 
5 related to the formation and breaking, respectively, of disulfide bonds on non-conjugated, 
non-conductive materials. These drawbacks are described in U.S. Pat. No. 5,324,599, to 
Oyama, et al., which is incoiporated herein by reference. 

Despite the various approaches proposed for organo-sulfur cathode materials, 
there remains a need for inexpensive cathode materials having high storage capacity, high 
1 0 discharge rates and very long cycle lives at ambient and sub-ambient temperatures. 

It is, therefore, a primary object of this invention to provide new polyacetylene- 
co-polysulfur based cathode materials for thin film solid state batteries which are 
inexpensive, yet avoid the limitations existing in the prior art, while offering performance 
characteristics much higher than those of known materials. 
15 It is another object of this invention to provide new cathode materials having as 

the active material polyacetylene-co-polysulfur (PAS) polymers which do not undergo 
extensive or complete polymerization and de-polymerization upon oxidation and 
reduction. 

It is yet another object of this invention to provide a method of making a solid 
20 state rechargeable battery including the novel cathode of the invention. 

SU MMARY OF THE PRESENT TNVF.NTIOK 

It is an object of the present invention to provide a novel electroactive energy 
25 storing polyacetylene-co-polysulfur (PAS) material useful as a solid state cathode 
material in rechargeable batteries. In its fully charged or oxidized state, the PAS material 
can be represented by the formula I, 



4 
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+ C2S *t n 

! 

wherein x ranges from greater than 1 to about 100, and n is equal to or greater than 2. 
Said PAS material does not contain appreciable (contains less than 3%) aromatic or 
saturated aliphatic moieties. Said PAS material is further characterized by the 

5 incorporation of large fractions of polysulfur components, which on electrochemical 
reduction in an electrolytic cell, provides the exceptionally high storage capacity per unit 
weight of material. In contrast to materials currently known in the art, the PAS materials 
of the present invention undergo oxidation and reduction with the formation and 
breaking, respectively, of multiple sulfur-sulfur bonds which are attached to conjugated 

10 polymer backbone structures that provide good electron transport and fast 
electrochemical kinetics at ambient temperatures and below. Said PAS materials when 
used as cathode materials in battery cells, may be optionally mixed with conductive 
components and binders to further improve electrochemical recycleability and capacity of 
said cathode active material. 

15 One embodiment of the present invention relates to PAS compositions of formula 

I prepared by the reaction of acetylene with a metal amide, such as sodium amide or 
sodium diisopropylamide, and elemental sulfur in a suitable solvent, such as liquid 
ammonia. Another embodiment of the present invention relates to PAS compositions of 
formula I prepared by the reaction of a chlorinated hydrocarbon, such as 

20 hexachlorobutadiene, with sodium sulfide and elemental sulfur in a suitable solvent, such 
as dimethyl formamide (DMF). 

Another embodiment of the present invention relates to PAS compositions of 
formula I prepared by the reaction of polyethylene with excess sulfur at elevated 
temperatures. 

25 Although the detailed structure of such PAS materials has not been completely 

determined, available structural information suggests that these compositions are 
comprised of one or more of the structural units of formulas II-VII; 
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wherein m is the same or different at each occurrence and is greater than 2; and the 

relative amounts of a, b, c, d, e, and f in said PAS materials can vary widely and will 
depend on the method of synthesis. Preferred compositions are those wherein m is 
greater than 3, and especially preferred compositions are those wherein m is on the 
average equal to or greater than 6. A key feature of these compositions is that 
electrochemical reduction and oxidation need not lead to depolymerization and 
repolymerization of the polymeric backbone. Further, the polymer backbone structure 
contains conjugated segments which may facilitate electron transport during 
electrochemical oxidation and reduction of the polysulfur side groups, wherein 
electrochemical reduction and oxidation of the conjugated backbone segments does not 
occur. PAS materials of the present invention typically have elemental compositions 
containing between about 50 wt% and 98 wt% sulfur. Preferred PAS compositions are 
those that have elemental compositions containing between about 80 wt% and 98 wt% 
sulfur. 

It is another object of this invention to provide a rechargeable, solid state electric 
current producing cell capable of operating at ambient temperatures and below, which is 
comprised of: 

(a) an anode which is comprised of one or more alkali or alkaline earth metals; 

(b) a novel cathode having as the cathode active material one or more 
polyacetylene-co-polysulfur compounds which can be formulated as (C7S X )„ 
wherein x is from greater than 1 to about 100, and n is greater than or equal to 2; 
and 

6 
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(c) an electrolyte which is chemically inert with respect to the anode and the 
cathode and which permits the transportation of ions between the anode and the 
cathode. 

The anode material may be an elemental alkali metal or an alkali-metal alloy 
5 including the mixture of an elemental alkali metal and one or more alloys made from an 
element selected from the Periodic Table Group IA and IIA metals. Lithium and sodium 
are useful materials for the anode of the battery of the invention. The anode may also be 
alkali-metal intercalated carbon such as LiC x where x is equal to 6 or greater. Also useful 
as anode materials of the present invention are alkali-metal intercalated conductive 
10 polymers, such as lithium, sodium or potassium doped polyacetylene, polyphenylene, and 
the like. 

The cathode employed in the battery of the invention as the cathode active 
material is comprised of a PAS material of the formula (C2Sx) n , wherein x is from greater 
than 1 to about 100, and n is a numerical value greater than or equal to 2, and preferably 
15 greater than 5. 

The electrolytes used in the battery cells of the present invention function as 
separator materials between the anodes and cathodes as well as a medium for storage and 
transport of ions. In principle, any liquid, solid, or solid-like material capable of storing 
and transporting ions may be used. Particularly preferred are solid electrolyte separators 

20 comprised of polyethers, polyimides, polyphosphazenes, polyacrylonitriles (PAN), 
polysiloxanes, polyether grafted polysiloxanes, blends of the foregoing, derivatives of the 
foregoing, copolymers of the foregoing, crosslinked and network structures of the 
foregoing, and the like to which is added an appropriate electrolyte salt. 

A variety of solid gel-type electrolytes are also useful in the practice of this 

25 invention. Illustrative of useful gel-type electrolytes are polyacrylonitriles, sulfonated 
polyimides, cured divinyl polyethylene glycols, cured polyethylene glycol-bis(methyl 
acrylates), and cured polyethylene glycol-bis(methyl methacrylates) which have been 
swollen with propylene carbonate (PC), ethylene carbonate (EC), glymes, low molecular 
weight polysiloxanes, and mixtures thereof. 
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Especially useful solid and gel-type electrolytes are those comprising divinyl 
polyethylene glycols, polyethylene glycol-bis(methyl acrylates), or polyethylene glycol- 
bis(methyl methacrylates) which have been cured (crosslinked) using UV, x-ray, gamma 
ray, electron beam, or other ionizing radiation. 

It is another object of this invention to provide a method of making the solid state 
batteries incorporating the novel cathode materials of the present invention. The method 
of making the cells of the present invention is particularly preferred for use in 
applications requiring high energy storage capacity. 

It is still another object of this invention to provide solid state batteries having 
higher specific energy and higher current than has been previously achieved with organo- 
sulfur cathode materials. 

These and other objects of this invention will be apparent from the following 
description and the accompanying drawings. 

15 BRIEF DESCRIPTION O F THF. PR AWINr.g 

Figure 1 shows a cyclic voltammogram of PAS (made from the polymerization of 
acetylene in the presence of a metal amide and sulfur) in an electrolyte consisting of 
dimethylsulfoxide with 0.1 molar concentration of tetraethylammonium perchlorate at a 
20 sweep rate of 50 mV/sec at room temperature. 

Figure 2 shows the cyclic voltammogram of ((CsH^NCSSk in an electrolyte 
consisting of dimethylsulfoxide with 0.1 molar concentration of tetraethylammonium 
perchlorate at a sweep rate of 50 mV/sec at room temperature. 

25 DETAILED DESCRIPTIO N OF THF INVENTION 

The cyclic voltammograms shown in Figures 1-2 illustrate a fundamental 
difference between PAS materials of the present invention and organo-sulfur materials 
disclosed in the art whose electrochemical activity is based on breaking and reforming of 

8 
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disulfide bonds. In the case of PAS materials the oxidation and reduction peaks are 
closely aligned on the voltage axis indicative of fast, reversible electrochemical kinetics. 
In the case of ((C 2 H5)2NCSS)2, which is representative of the materials disclosed by De 
Jonge, et al. containing disulfide bonds, and which polymerizes (dimerizes) and de- 

5 polymerizes (cleaves) by the forming and breaking of said disulfide bonds, respectively, 
during electrochemical oxidation and reduction, there is a spread of about 2 volts between 
the oxidation and the reduction peaks. This is indicative of very slow electrochemical 
kinetics associated with bond breaking and formation, as also described in the 
aforementioned U.S. Pat. No. 5,324,599. 

10 It is clear from these experimental results that PAS behaves like a conjugated 

polymeric material which is fundamentally different in its structure and electrochemical 
function compared with the materials developed by De Jonghe, et al. and Armand, et al. 
This fundamental difference structurally and electronically is the cause for the 
substantially higher capacity and much improved electrochemical kinetics at room 

15 temperature. 

Novel rechargeable battery cells of the present invention comprise three essential 
components. One essential component is an anode material. The anode may comprise 
any metal capable of functioning as a negative electrode in combination with the cathode 
materials of the present invention. Illustrative of useful anode materials of this invention 

20 are one or more metals selected from the group consisting of metals belonging to Group 
IA and Group IIA in the Periodic Table of the elements, such as lithium, sodium, 
potassium, magnesium, calcium, and the like. Also useful in the practice of this 
invention are anodes comprised of alloys, mixtures, composites, intercalated carbons, 
intercalated conductive polymers, and the like, of the aforementioned alkali and alkaline 

25 earth metals. Illustrative of such compositions are sodium-lithium alloys, lead-sodium 
alloys, lithium-tin alloys, lithium-silicon alloys, lithium intercalated carbons, lithium 
doped polyacetylene, sodium doped polyphenylene, and lithium intercalated graphite. 
Preferred anodes in the practice of this invention are those comprised of alkali metals. 
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More preferred are those comprised of lithium and/or sodium. Most preferred are anodes 
comprised of lithium foils of thickness from about 2 urn (microns) to about 250 urn. 

Another essential component in the novel battery cells of the present invention is 
a cathode material comprised of a polyacetylene-co-polysulfur material of general 
formula I; 



i C2S *i 



i 

wherein x can range from greater than 1 to about 100, and n is equal to or greater than 2. 
Preferred cathode materials are those wherein x is greater than 2, and n is equal to or 
greater than 5. Particularly preferred cathode materials are those wherein x is equal to or 
1 0 greater than 6, and n is greater than 5 . 

The methods used to prepare useful PAS compositions of the present invention 
are not critical so long as compositions with a high degree of unsaturation along the 
polymer backbone are obtained. PAS compositions of formula I can be prepared by the 
reaction of acetylene with a metal amide, such as sodium amide or sodium 
15 diisopropylamide, and elemental sulfur in a suitable solvent, such as liquid ammonia. 
PAS compositions of formula I can also be prepared by the reaction of a chlorinated 
hydrocarbon, such as hexachlorobutadiene, with sodium sulfide and elemental sulfur in a 
suitable solvent, such as DMR Useful compositions of formula I can also be prepared by 
the reaction of polyethylene with excess sulfur at elevated temperatures in open reaction 
20 vessels. In this latter process, high density, medium density, low density and oligomeric 
polyethylenes are useful as starting materials. 

Although the PAS compositions of formula I of the present invention have a high 
degree of unsaturated or conjugated polymer backbone, they are not conductive polymers, 
such as illustrated by the conjugated properties of polyaniline and polythiophene and 
their derivatives. Also, the PAS compositions of formula I do not undergo 
electrochemical reduction and oxidation of the conjugated backbone segments, as 
aforementioned, as is known in the art to occur with conductive polymers. 



10 
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Also illustrative of useful cathode materials of the present invention are composite 
cathodes comprised of: 

(a) PAS materials of formula I, 

(b) a non-aqueous electrolyte, and 
5 (c) a conductive filler. 

Useful non-aqueous electrolytes in said composite cathodes can be the same or 
different from those used in the construction of complete battery cells. A complete 
description of useful electrolytes in the composite cathodes of the present invention is 
presented below. 

10 Useful conductive fillers are any conductive materials that can enhance the 

electrical connectivity between the current collectors and the electroactive cathode 
components in the cell. It is desirable that said conductive fillers be inert to the 
components of the cell under the intended operating conditions of the cell. Particularly 
preferred conductive fillers are conductive carbons; conductive acetylene blacks; 

15 graphites; metal powders, flakes and fibers; and electrically conductive polymers such as 
polyanilines, polyacetylenes, polypyrroles, polythiophenes, polyphenylenes, 
polyphenylene-vinylenes, poiythienylene-vinylenes, and derivatives thereof. 
Additionally, composite cathodes useful in this invention may contain other polymeric or 
non-polymeric binder materials that facilitate the formation, fabrication, and assembly of 

20 battery cells in desired configurations. Such optional materials are known to those skilled 
in the art of cathode fabrication and include materials such as polytetrafluoroethylene and 
other fluorinated polymers, SBR rubbers, EPDM rubbers, and the like. 

The third essential component of the battery cells of the present invention is an 
electrolyte. Illustrative of useful electrolytes in the practice of this invention are 

25 electrolytes that are chemically and electrochemically inert with respect to the anode and 
cathode materials and which permit the migration of ions between the anode and cathode 
at desired use temperatures. Preferred electrolytes are those that allow for transport of 
ions at ambient temperatures and below. Particularly preferred are those capable of 
operating between about -40 °C and +80 °C. 

11 
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Electrolyte systems which have application to both lithium and sodium based 
rechargeable batteries can be employed in the fabrication of the cell of the invention, such 
as solid polymer electrolytes, single-ion conducting polymer electrolytes, high 
conductivity gel polymer electrolytes, and liquid organic electrolytes. Particularly useful 

5 electrolytes for use in cells of the present invention are single ion conducting polymer 
electrolytes with highly delocalized anionic moieties covalently attached to the polymer 
backbone to achieve high specific lithium ion conductivity, as described in U.S. Pat No. 
4,882,243. The advantages of polymer electrolytes with exclusive cation conduction are 
reduced cell polarization deriving from low anion mobility, reduced volume changes in 

10 the cathode from intercalation of ion clusters, and reduced salt-induced corrosion on the 
current collectors. Room temperature conductivities for single ion conducting polymer 
electrolytes described in U.S. Pat. No. 4,882,243 are in the range of 10-4 to 10-5 
S(Siemens)/cm. 

A variety of gel-polymer electrolytes have been discovered to be useful in the 
15 practice of this invention. These electrolytes consist of a high molecular weight polymer 
matrix into which is dissolved an electrolyte salt, then subsequently swollen with a low 
molecular weight liquid which effectively acts as a plasticizer for the salt-polymer matrix. 
These low molecular weight liquids are referred to as gelation agents and are generally 
common organic solvents or liquid oligomers. Any organic liquid capable of swelling 
20 said salt-polymer matrix can be used as a gelation agent so long as it is stable to the 
selected cathode and anode in the battery cell. A substantial increase in electrolyte 
conductivity can be achieved by introducing these gelation agents into said salt-polymer 
blends. 

Illustrative of useful polymer matrices for gel polymer electrolytes in high 
25 energy density batteries of the present invention are those derived from polyethylene 
oxides, polypropylene oxides, polyacrylonitriles, polysiloxanes, polyimides, polyethers, 
sulfonated polyimides, Nafion™ resins (perfluorinated membranes), divinyl polyethylene 
glycols, polyethylene glycol-bis(methyl acrylates), polyethylene glycol-bis(methyl 
methacrylates), blends of the foregoing, derivatives of the foregoing, copolymers of the 

12 
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foregoing, crosslinked and network structures of the foregoing, and the like. Useful ionic 
electrolyte salts for gel-polymer electrolytes include MC104, MAsF6, MSO3CF3, 

MSO3CH3, MBF 4 , MB(Ph) 4 , MPF 6 , MC(S02CF 3 ) 3 , MN(S0 2 CF 3 )2, 

S0 2 CF 3 

rfS XK 

, 1 F 3 CS0 2 X V^0 2 CF 3 F 3 CSO/|s| S0 2 CF 3 

MNSO 2 CF 2 CF 2 CF 2 CF 2 S0 2 , OM M 

5 and the like, where M is Li or Na. Other electrolytes useful in the practice of this 

invention are disclosed in U.S. Pat. Application Ser. No. 192,008 and U.S. Pat. 

Application Ser. No. 406,293. 

Useful gelation agents for gel-polymer electrolytes include EC, PC, N-methyl 

acetamide, acetonitrile, sulfolane, 1,2-dimethoxy ethane, polyethylene glycols, 

10 polyethylene glycol ethers, 1,3-dioxolanes, glymes, siloxanes, and ethylene oxide grafted 

siloxanes. Particularly preferred gelation agents are those derived from graft copolymers 

of ethylene oxide and oligomers of poly(dimethyl siloxane) of general formula Vm, 

Me 1 r Me 



+ ivie -I r ivie -I 
Si~0 Si-O-j 



(CH 2 ) U 



Me 

(OCH 2 CH 2 ) v -OCH 3 
VIII 

wherein 

15 u is an integer equal to or greater than 1 , 

v is an integer equal to or greater than 0 and less than about 30, and 
the ratio z/w is equal to or greater than 0. 
Values for u, v, w, and z can vary widely and depend on the desired properties for said 
liquid gelation agent. Preferred gelation agents of this type are those wherein u ranges 
20 from about 1 to 5, v ranges from about 1 to 20, and the ratio z/w is equal to or greater 
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than 0.5. An especially preferred composition of formula VIH is that in which u is equal 
to 3, v is equal to 7, and the ratio of z to w is 1. 

These liquid gelation agents themselves are useful solvents to form liquid 
electrolytes which provide other effective electrolyte systems for the cells of the 
5 invention. For example, glymes with lithium salts, such as LiAsF 6 , are useful liquid 
electrolytes. Likewise, compositions of formula Vm together with LiS0 3 CF 3 are 
especially useful as liquid electrolytes. 

Battery cells comprising PAS cathodes can be made in a variety of sizes and 
configurations which are known to those skilled in the art. Illustrative of useful battery 
10 design configurations are planar, prismatic, jelly-roll, W-fold, and the like. These 
configurations are not to be construed as limitations on the scope of this invention as 
other designs are anticipated. 

In batteries of the present invention, the main design concerns are the kinetics, 
and the chemical and electrochemical reversibility of the reduction/oxidation reactions, 
15 the density of available sulfur atoms, and the miscibility of oxidation and reduction 
products with the polymer electrolyte. During the discharge of the cells of this invention, 
the PAS polymer is reduced accompanied by the insertion of Li + ions into the cathode 
from the electrolyte to maintain charge neutrality. In contrast to the materials disclosed 
in U.S. Pat. Nos. 4,833,048 and 4,917,974, the polyacetylene-co-polysulfur materials of 
20 the present invention undergo oxidation and reduction with the formation and breaking of 
multiple sulfur-sulfur bonds attached to conjugated structures which provide good 
electron transport and fast electrochemical kinetics at ambient temperatures and below. 
An advantage of using PAS as the cathode active material is the high density of sulfur 
atoms which results in a high charge storage density during oxidation-reduction. This is 

25 accompanied by a high density of Li + ions inserted for charge neutrality, resulting in a 
high capacity. 

In contrast to the organo-sulfur materials developed by De Jonghe, et al., PAS 
need not undergo polymerization/de-polymerization upon charge and discharge, thereby 
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maintaining the integrity of the polymer backbone and improving cathode utilization 
during repeated charge and discharge- 
Table 1. Performance comparisons of PAS based rechargeable cells relative to other 
5 advanced rechargeable systems in AA cell configurations 

_„__™__ _____ Volumetric Energy Gravimetric Energy 

Electrochemical System Density (Whr/L) Density (Whr/Kg) 

Li/PAS cells of formula I 430 - 500 175-260 — 

Lithium Ion 250 115 

Nickel Metal Hydride 1 80 - 200 60 - 75 

Nickel Cadmium (premium) 120 - 140 40 - 50 



Table 1 summarizes the superior performance of battery cells comprised of PAS 
anodes of formula I relative to state-of-the-art rechargeable battery systems presently 
commercialized or under development. The PAS based cells exhibit a volumetric energy 
10 density advantage of from 2 to 3 times, and a gravimetric energy density advantage of 
from 1.5 to 3.5 times better than presently known rechargeable cells in a AA 
configuration. 

The following specific examples are presented to more particularly illustrate the 
invention, and should not be construed as limitations on the scope and spirit of the 
1 5 invention. 

EXAMPLES 

Preparation of Polyacetvlcne-co-Polvsulfur From A cetylene and Sulfur 
20 Example 1 

Into 250 ml of liquid ammonia with stirring was added 27.3 g (0.7 mol) of sodium 
amide. Through this solution was passed acetylene gas for 2.5 hr. To this reaction 
mixture was then added portion-wise 67.2 g (2.1 mol) of sulfur. The reaction mixture 
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was stirred for an additional 7.5 hr, then 37.45 g (0.7 mol) of ammonium chloride was 
slowly added. The reaction mixture was allowed to warm to room temperature overnight, 
then 350 ml of water was added to the residue. The solid product was filtered, washed 
with water, then washed with acetone, and dried under vacuum. The yield was 59.5 g; 
5 elemental analysis indicated 85 wt % sulfur. 

Example 2 

A solution of sodium metal (2.3 g) in 200 ml of liquid ammonia containing 0.1 g 
of FeCl 3 was stirred until the blue color disappeared. Then, acetylene gas was passed 
through the solution for 2 hr. at a rate of 50-70 ml/min. Elemental sulfur (9.6 g) was then 
added portionwise during 1 hr. The mixture was stirred for 2 hr. then the reaction 
solution was decanted from the excess sulfur. Excess ammonium chloride (5.35 g) was 
added to quench the reaction, and the reaction vessel was allowed to stand open to 
evaporate the liquid ammonia. To the residue was added 200 ml of water, and the 
product was filtered off, washed with water until a negative CI" test was observed, then 
washed with acetone. The polymer was allowed to air dry to provide 1.0 g of a black 
polymer (S 65.6%). A further fraction of useful polymer was obtained by treating the 
aqueous extracts with 4.5 g of azobisisobutyronitrile at boiling temperature for 4 hr. The 
resulting black polymer was filtered off, washed and dried (3.36 g, S 77.9% ). This 
fraction gave the largest sulfur content. The aqueous filtrate was acidified with 
concentrated HC1 to pH ca. 2, and the resulting precipitated polymer was filtered off, 
washed, and dried as above (1.5 g, S 60.1%). 

Preparation of Polvacetylene-co- Polvsnlfiir from Polyethylene and Sulfur 
25 Example 3 

A mixture of 1 .4 g of small pieces of low density polyethylene and 6.4 g of sulfur 
powder was heated in a flask at 200 °C for 3 hr. During this time 1950 ml of hydrogen 
sulfide gas was collected from the reaction mixture. After cooling to room temperature 4 
g of a black shiny polymer and 0.5 g of sulfur were removed from the reaction flask. 
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Elemental analysis showed that the product contained 79.91 % of sulfur. Conductivity in 
the dark was 4.40xl0- 14 S/cm in vacuum and i.06xl0" 13 S/cm in air. 

Example 4 

5 A mixture of 10 g of high density polyethylene and 45.7 g of sulfur was heated to 

420-440 °C under argon for 2hr. After cooling to room temperature, the reaction mixture 
was washed with carbon disulfide to remove residual sulfur, and the remaining black 
product was dried in vacuum for 4 hr. The yield of dried polymer was 1 6.4 g. 

10 Preparation of Polvacetylene-co-Polvsulfur Comp osite Cathodes 

Example 5 

A mixture of 50% by weight PAS prepared by the general procedure of Example 
1, 20% polyethylene oxide-LiSC>3CF3 and 30% acetylene black was suspended in 
acetonitrile/ isopropanol (1:2) to form a slurry. The slurry was ground into fine particles 
15 and was then cast as a film 25-100 \im thick on a 25 nm thick nickel foil. The entire unit 
was dried in a vacuum oven at 40 °C - 80 °C for 24 hr. A similar cathode was prepared 
from PAS prepared according to the procedure in Example 3. 

Example 6 

20 A mixture of 40% by weight PAS from Example 1 , 45% by weight electrolyte and 

15% acetylene black was suspended in acetonitrile to form a slurry. The electrolyte was a 
gel electrolyte made from polyethylene oxide, propylene carbonate, ethylene carbonate, 
and USO3CF3. The slurry was finely ground and then cast as a film onto a nickel foil. 
The entire unit was then dried in a vacuum oven at 40 °C - 80 °C for 24 hr. A similar 

25 cathode was prepared from PAS prepared according to the procedure in Example 3. 



17 



SDOCID: <WO 9641388A1_I_> 



WO 96/41388 



PCT/US96/07927 



10 



Preparation of Rechargeable Batteries 
Example 7 

A rechargeable lithium battery of unipolar sandwich design was prepared by 
sandwiching a polymer electrolyte of about 25 urn (microns) thickness between a lithium 
foil of 125 um thickness and the composite cathode (Example 6) of about 25-75 um 
thick. To obtain laboratory prototype cells, the above components were sandwiched 
between two stainless steel circular disks having 0.5 cm thickness. A typical material 
used for the anode was lithium metal. The PAS of the invention prepared in accordance 
with the procedure of Examples 1 was used for the cathode. The electrolyte employed in 
preparing the battery of this example was a branched polysiloxane containing grafted 
ethylene oxide side chains (formula VIII, u = 3, v = 7, z/w = 1, molecular weight of 
1000) and a LiS0 3 CF 3 salt. 



Example 8 

15 Following the general procedure of Example 7, a rechargeable lithium/polymer 

electrolyte/PAS battery was prepared, using the composite cathode of Example 5, a 
lithium foil anode, 9.8 mg of polymer gel electrolyte and 2.3 mg of ultrafme graphite 
powder. The composite anode contained 7.1 mg of PAS. The polymer gel electrolyte 
contained polyacrylonitrile, ethylene carbonate, propylene carbonate and LiC10 4 with a 

20 conductivity of 3 x 10-3 s/ cm at 25 °C. 

Example 9 

Another rechargeable lithium cell was prepared having a composite cathode 
containing 5.4 mg of polymer gel electrolyte, 12.0 mg of PAS of Example 1 and 1.9 mg 
25 of graphite powder. Assuming a mid cell potential of 2.5 V, a storage energy of 12.6 
mWhr was obtained. 
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Example 10 

A rechargeable lithium battery was prepared having a lithium foil of 125 urn 
thickness, a fiber reinforced 1 M LiClC>4 in propylene carbonate/dimethoxyethane 
electrolyte and the PAS-based composite cathode of Example 5. The battery prepared for 

5 this example exhibited about 500 cycles with a maximum cathode capacity loss of 10% 
compared to the first cycle. The cells were subjected to a twenty minute quick 
discharge/charge cycle without any rest period by trial and error method to choose the 
appropriate voltage and current limits. The average material utilization during the first 
200 cycles was 72% and about 60% between the 250th and 425th cycle. The cycle 

10 efficiency defined as the ratio between charge output (discharge) and charge input 
(charge) to the cell during one complete cycle was close to unity up to 200 cycles. After 
about the 475th cycle, when the capacity of the cell declined by 5%, the battery cycling 
was disrupted to measure the cell impedance. A low cell impedance was observed which 
ruled out limitations under cathode/electrolyte interface. The declining cathode capacity 

15 after 500 cycles was attributed to the possible formation of soft dendrites at the lithium 
anode-polymer electrolyte interface; therefore, these cells have been classified as anode 
performance limited battery systems. 

Example 11 

20 A rechargeable lithium battery was prepared having a lithium foil anode of 125 

^im thickness, a polyethylene oxide (PEO)/LiS0 3 CF3 solid electrolyte along with a 
siloxane (from Example 7)/LiSC>3CF3 liquid electrolyte, a composite cathode containing 
50 wt% PAS from Example 1 along with 30 wt% conductive carbon and 20 wt% of the 
PEO/LiS03CF3 electrolyte, wherein the anode and cathode were separated with 

25 Celgard™ 2500. This 1cm x 1cm planar battery exhibited 103 cycles at a 
charge/discharge current of 0.05 mA/cm 2 with a capacity of 729 mAhr/g for the first 
several cycles, which then decayed to a final capacity of 243 mAhr/g at cycle 103. 
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Example 12 

A rechargeable lithium battery was prepared having a lithium foil anode of 125 
um thickness, a composite cathode containing 50 wt% PAS from Example 1 along with 
30 wt% conductive carbon and 20 wt% of PE0/LiSO 3 CF 3 electrolyte, a solid 

5 freestanding film electrolyte of polyethylene glycol-bis(methyl 
methacrylate)/siloxane/LiS0 3 CF3 which was UV cured (crosslinked), and to the cell was 
added a small amount of liquid electrolyte containing siloxane (from Example 
7)/LiS03CF3. This 1cm x 1cm planar battery was charged and discharged at a current 
density of 0.05 mA/cm* and exhibited a capacity of 1324 mAhr/g for the first several 

1 0 cycles, which then decayed to a final capacity of 296 mAhr/g at cycle 56. 

Example 13 

A composite cathode was prepared from a physical mixture of 48 wt% PAS 
material from Example 1, 12 wt% of polyaniline powder in the form of Versicon™ 

15 manufactured by Allied-Signal, Inc., 20 wt% acetylene black, and 20 wt% polymer 
electrolyte. The polymer electrolyte used to form the composite cathode consisted of a 
mixture of poly(emylene oxide) and a branched polysiloxane with ethylene oxide side 
chains (polysUoxane-graft-(ethylene oxide) 7 ) and LiC10 4 in the ratio of 24 ethylene oxide 
units per lithium. The polymer electrolytes were dissolved in acetonitrile and added to 

20 the mixture of PAS, polyaniline and acetylene black to form a viscous slurry. Composite 
cathodes of thickness approximately 100 urn were cast onto Ni foil substrates and the 
solvent evaporated. Cells were assembled containing composite cathodes, branched 
polysiloxane electrolytes and lithium foil anodes. The open circuit potentials of the cells 
were about 3.23 V. 
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Preparation of Polvacctvlcnc-co-nolvsulfur from H cxachlorobutadicnc, Sulfur and 

Sodium Sulfide 
Examnlc 14 

To a solution of 24g Na 2 S x 9H z O in 50 ml of ethanol/water (1:1) was added 
14.4g sulfur. The mixture was stirred at room temperature for 1 nr. The solvent was 
removed under vacuum. The residue was dissolved in 150 ml of DMF, and to the 
resulting solution was added 8.61 g of hexachlorobutadiene. The reaction mixture was 
stirred for 1 hour, and poured into 300 ml of water. The precipitated product was filtered, 
washed with water, acetone, methanol, and dried under vacuum. Yield 17.11g; mp 90-96 
°C. 

The performance characteristics of the cells prepared in Examples 9, 10, 1 1, and 
12 demonstrate that by using the cathode of the present invention a very high cathode 
utilization is readily achieved resulting in energy capacity storage much higher than those 
achieved by commercially available batteries. 
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WHAT IS CLAIMED IS: 



10 



15 



20 



1. An clectrochemically active polyacctylene-co-polysulfur material, which in its 
oxidized state, is of the general formula I 



wherein x ranges from greater than 1 to about 100, and 
n is greater than or equal to 2. 

2. The material of claim 1 wherein said polyacetylene-co-polysulfur electroactive 
material is of formula I, wherein x is greater than 2 and n is greater than 5. 

3. The material of claim 1 wherein said polyacetylene-co-polysulfur electroactive 
material is of formula I, wherein x is greater than or equal to about 6 and n is greater than 
5. 

4. The polyacetylene-co-polysulfur material as claimed in any one of claims 1 to 
3 wherein said material of general formula I is comprised of one or more of the structural 
units of formulas II-VI, 




ii 



III IV V VI 

wherein m is the same or different at each occurrence and is greater than 2. 

5. The composition of claim 4 wherein m is the same or different at each 
occurrence and is greater than 3. 

6. The composition of claim 4 wherein m is the same or different at each 
occurence and is equal to or greater than 6. 
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7. The composition as claimed in any one of claims 1 to 3 which upon 
electrochemical reduction and oxidation does not undergo depolymerization and 
rcpolymcrization of the polymer backbone. 

8. The polyacetylene-co-polysulfur material as claimed in any one of claims 1 to 
5 7 obtained from the polymerization of acetylene in the presence of a metal amide and 

sulfur. 

9. The polyacetylene-co-polysulfur material as claimed in one of claims 1 to 7 
obtained from the reaction of a chlorinated hydrocarbon with sodium sulfide and sulfur at 
elevated temperatures. 

10 10. The polyacetylene-co-polysulfur material as claimed in any one of claims 1 to 

7 obtained from the reaction of polyethylene with sulfur at elevated temperatures. 

1 1. An electric current producing cell comprising: 

(a) an anode comprised of a metal selected from the group consisting of metals 
belonging to group IA and group 1IA of the Periodic Table of the elements; 
15 (b) a cathode material comprised of a polyacetylene-co-polysulfur material of the 

general formula I, 

f C2S *i 

I 

wherein values for x can range from greater than 1 to about 100, and n is equal to 
or greater than 2; and 
20 (c) an electrolyte. 

12. The cell of claim 11 wherein said cathode material is comprised of a 
polyacetylene-co-polysulfur material of general formula I, wherein x ranges from about 3 
to about 100, and n is greater than 5. 

13. The cell of claim 11 wherein said cathode material is comprised of a 
25 polyacetylene-co-polysulfur material of general formula I, wherein x is equal to or greater 

than 6 but less than about 100, and n is greater than 5. 
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14. The cell as claimed in any one of claims 11 to 13 wherein said cathode 
material is comprised of one or more of the structural moieties of formulas II-VI: 




11 III IV V VI 

wherein m is the same or different at each occurrence and is greater than 2. 

15. The cell of claim 14 wherein m is the same or different at each occurrence 
and is greater than 3. 

16. The cell of claim 14 wherein m is the same or different at each occurrence 
and is equal to or greater than 6. 

17. The cell as claimed in any one of claims 11 to 13 wherein said cathode 
material does not undergo polymerization and depolymerization of the polymer backbone 
on charging and discharging the cell. 

18. The cell as claimed in any one of claims 11 to 17 wherein said cathode 
material is comprised of a polyacetylene-co-polysulfur obtained from the polymerization 
of acetylene in the presence of a metal amide and sulfur. 

19. The cell as claimed in any one of claims 11 to 17 wherein said cathode 
material is comprised of a polyacetylene-co-polysulfur material obtained from the 
reaction of a chlorinated hydrocarbon with sodium sulfide and sulfur. 

20. The cell as claimed in one of claims 1 1 to 17 wherein said cathode material is 
comprised of a polyacetylene-co-polysulfur obtained from the reaction of polyethylene 
with sulfur at elevated temperatures. 

21. The cell as claimed in any one of claims 11 to 17 wherein said electrolyte 
provides an operating temperature range for the cell of -40 °C to +80 °C. 
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22. The cell as claimed in any one of claims 11 to 17 wherein said electrolyte 
provides an operating temperature range for the cell of -20 °C to +60 °C. 

23. The cell as claimed in any one of claims 11 to 17 wherein said electrolyte 
provides an operating temperature range for the cell of 0 °C to +60 °C. 

24. The cell as claimed in any one of claims 1 1 to 17 wherein said anode material 
is comprised of one or more materials selected from the group of alkali metals, alkaline 
earth metals, alloys containing alkali metals, carbons intercalated with alkali metals, and 
conductive polymers intercalated with alkali metals. 

25. The cell as claimed in any one of claims 1 1 to 17 herein said anode material 
is comprised of one or more materials selected from the group consisting of lithium- 
aluminum alloys, lithium intercalated carbons, sodium intercalated carbons, sodium-lead 
alloys, lithium-lead alloys, lithium-tin alloys, lithium-silicon alloys, lithium-aluminum 
alloys, lithium doped polyacetylenes, sodium doped polyacetylenes, sodium doped 
polyphenylenes, and lithium doped polyphenylenes. 

26. The cell as claimed in any one of claims 11 to 17 wherein said cathode 
material further comprises one or more of the materials selected from the group 
consisting of non-aqucous electrolytes, conductive fillers, and inert binders. 

27. The cell of claim 26 wherein said composite cathode comprises a conductive 
filler selected from the group consisting of conductive carbons, graphites, conductive 
acetylene blacks, metal powders, metal flakes, metal fibers, and electrically conductive 
polymers. 

28. The cell of claim 27 wherein said electrically conductive polymer is one or 
more polymers selected from the group of polyanilines, polyacetylenes, polypyrroles, 
polythiophenes, polyphenylenes, polyphenylene-vinylenes, polythienylene-vinylenes; and 
their derivatives. 

29. The cell of claim 27 wherein said composite cathode comprises one or more 
binders selected from the group consisting of polytetrafluoroethylene, fluorinated 
polymers, EPDM rubber, and SBR rubber. 
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30. The cell as claimed in any one of claims 1 1 to 17 wherein said electrolyte is 
one or more materials selected from the group consisting of solid polymer electrolytes, 
single-ion-eonlaining polymer electrolytes, gel polymer electrolytes, and liquid 
electrolytes. 

5 31. The cell of claim 30 wherein said electrolyte is a solid electrolyte comprised 

of one or more materials selected from the group of polysiloxanes, polyphosphazenes, 
polyethylene oxides, polypropylene oxides, polyacrylonitriles, polyimides, divinyl 
polyethylene glycols, polyethylene glycol-bis(methyl acrylates), polyethylene glycol- 
bis(methyl methacrylates); copolymers of the foregoing; derivatives of the foregoing; and 

1 0 crosslinkcd and networked structures of the foregoing. 

32. The cell of claim 30 wherein said electrolyte is comprised of one or more 
single-ion-conducting polymer electrolytes substituted with anionic moieties covalently 
attached to the polymer backbone. 

33. The cell of claim 30 wherein said gel-polymer electrolyte is comprised of one 
15 or more materials selected from the group consisting of polyethylene oxides, 

polypropylene oxides, polyacrylonitriles, polysiloxanes, polyphosphazenes, polyimides, 
sulfonated polyimides, Nafion™ resins, sulfonated polystyrenes, divinyl polyethylene 
glycols, polyethylene glycol-bis (methyl acrylates), polyethylene glycoI-bis(methyl 
methacrylates); blends of the foregoing; derivatives of the foregoing; copolymers of the 

20 foregoing; and crosslinked and network structures of the foregoing; to which has been 
added one or more gel-forming agents selected from the group of ethylene carbonate, 
propylene carbonate, acetonitrile, N-methyl acetamide, sulfolane, 1,2-dimethoxyethane, 
polyethylene glycols, polyethylene glycol ethers, 1,3-dioxanes, glymes, siloxanes, 
polyethylene oxide grafted siloxanes, and methyl tetrahydrofuran; and which said gel 

25 electrolyte further comprises one or more ionic salts selected from the group consisting of 
MCIO4, MAsF 6 , MSO3CF3, MSO3CH3, MBF4, MB(Ph) 4 , MPF 6 , MC(S0 2 CF 3 ) 3 , 
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S0 2 CF 3 




, 1 FgCSO^ ~S0 2 CF 3 

MN(S02CF 3 ) 2 , MNSO 2 CF 2 CF 2 CF 2 CF 2 SQ 2 , OM 



and 



FXSO 



M , where M is Li or Na. 



*S0 2 CF 3 



34. The cell of claim 33 wherein said gel forming agent is comprised of a 
material of formula VIII, 



Me 



J w 



r Me 
-Sr-O- 



Me 



(OCH 2 CH 2 ) v -OCH 3 



10 



15 



VIII 

wherein u is an integer equal to or greater than 1 , 

v is an integer equal to or greater than 0 and less than about 30, and 

the ratio z/w is equal to or greater than 0. 

35. The cell of claim 30 wherein said electrolyte comprises one or more alkali- 
metal sails selected from the group consisting of MCIO4, MAsF6, MSO3CF3, MSO3CH3, 



1 1 
MBF4, MB(Ph) 4 , MPF 6 , MC(S0 2 CF 3 )3, MN(S0 2 CF 3 )2, MNSO 2 CF 2 CF 2 CF 2 CF 2 S0 2 , 



S0 2 CF 3 




F 3 CS0 2 ^ ~ S0 2 CF 3 F 3 CS0 2 ^ >T ' S0 2 CF 3 

OM , and , where M is Li or Na. 

36. An electric current producing cell comprising: 

(a) an anode comprising one or more materials selected from the group of 
alkali mctals ; alkali metal intercalated carbons, alloys containing alkali 
metals, and alkali metal doped conductive polymers; 
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(b) a cathode material comprised of a polyacetylene-co-polysulfur 
material of general formula I, 



+ C2S *i 



I 

wherein x is greater than 1 to about 100, n is equal to or greater than 2, and said 
5 polyacetylene-co-polysulfur material is derived from the polymerization of acetylene in 
the presence of sulfur; and 

(c) an electrolyte comprised of one or more gel-polymer electrolytes 
selected from the group consisting of polyethylene oxides, polypropylene oxides, 
polyacrylonitriles, polyphosphazenes, polysiloxanes, polyimides, sulfonated polyimides, 
10 Nafion™ resins, sulfonated polystyrenes, poly ethers, di vinyl polyethylene glycols, 
polyethylene glycol-bis(methyl acrylates), polyethylene glycol-bis(methyl 
methacrylates); blends of the foregoing; derivatives of the foregoing; copolymers of the 
foregoing; and crosslinked and network structures of the foregoing; to which has been 
added one or more gel-forming agents selected from the group of ethylene carbonate, 
15 propylene carbonate, acetonitrile, N-mcthyl acctamidc, sulfolane, 1 ,2-dimethoxyethane, 
polyethylene glycols, polyethylene glycol ethers, 1,3-dioxane, glymes, siloxanes, 
polyethylene oxide grafted siloxanes, and methyl tetrahydrofuran; and which further 
comprises one or more ionic salts selected from the group consisting of MCIO4, MAsF 6 , 
MSO3CF3, MSO3CH3, MBF4, MB(Ph) 4 , MPF 6 , MC(S0 2 CF 3 )3, MN(S0 2 CF 3 ) 2 . 

S0 2 CF 3 




r— 1 F3CS0 2 ^V^S0 2 CF3 F 3 CS0 2 xS N^S0 2 CF 3 

20 MNSO 2 CF 2 CF 2 CF 2 CF 2 S0 2 , OM , M 

where M is Li or Na. 

37. An electric current producing cell comprising: 

(a) an anode comprising one or more metals selected from the group of 
lithium metal and sodium metal; 
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(b) a composite cathode material comprised of: 

(i) a polyacetylene-co-polysulfur material of general formula I. 



— C2S X -4- 

J n 



I 

wherein x is greater than 1 to about 1 00, n is equal to or greater than 2; and 
(ii) an electrolyte comprising an ionic salt selected from the group 
of 

MCSO^CFj), MC(S0 2 CF3)3, 




I -| F 3 CS0 2 ' x T^ S0 2 CF 3 

MNSO 2 CF 2 CF 2 CF,CF,SO, , OM 



F 3 CS0 2 ^>1^S0 2 CF ; 



M , where M is Li or Na; and a polymer 

10 comprising a material selected from the group of di vinyl polythylene 

glycols, polyethylene glycol-bis(methyl acrylates), and polyethylene 
glycol-bis(methyl methacrylates) cured by UV, x-ray, gamma ray, electron 
beam, or other ionizing radiation; polysiloxanes, ethylene oxide grafted 
siloxanes, and polyethylene oxide; which optionally further contains a 
1 5 liquid gelation agent; 

(iii) a conductive filler selected from the group of conductive 
carbons, acetylene blacks, and graphite; and 
(c) an electrolyte comprised of one or more materials selected from the group of 
polysiioxanes ; polyphosphazenes, polyethers, polyethylene oxides, cured divinyl 
20 polyethylene glycols, cured polyethylene glycol-bis(methyl acrylates), and cured 
polyethylene glycol-bis(dimethyl acrylates); which electrolyte further comprises a liquid 
gelation agent and one or more ionic salts selected from the group consisting of MCIO4. 
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